INTRODUCTION
In some earlier work, semi-analytic methods were proposed to predict echo responses from point-like targets [1] and normally aligned flat-bottomed holes in solids (FBH) [2] . A new, more general formulation has recently been developed (hereafter, the "elastic model" [3] ), capable of predicting responses from defects of arbitrary shape. In this paper, theoretical predictions using the new model are compared with experimentally measured echo responses from tilted FBH's, where the hole bottom is tilted relative to the transducer axis. A related study [4] has already been presented in which experimental echo responses from tilted disks immersed in a fluid were compared with results predicted by an earlier model [5] . In that earlier model, mode conversion was not taken into account and only compression waves were considered (the "acoustic model").
The acoustic and elastic models take account of transducer diffraction effects (both in radiation and reception). In both models, the mechanical impulse response of the whole problem of radiation, scattering by defect and reception are computed. Note that these impulse responses are independent of any electo-acoustical phenomena. A knowledge of the impulse response of defects gives great insight into the complex echo structure arising from the geometry considered. The comparison [3] of both acoustic and elastic impulse responses leads to an interpretation of results in terms of geometrical and mode converted contributions.
In the first section, the new elastic model is reviewed. The second section describes the experimental setup and shows the experimental validation of the elastic model. In conclusion, we discuss the usefulness of the new model in the context of its application for modeling nondestructive testing configurations.
THE ELASTIC MODEL
Transient radiation [6, 7] The model for calculating the field incident upon the defect predicts the transient displacement field radiated by an arbitrary source of traction T(rR,t) directly applied on the plane free surface of an elastic half-space, rR being a running point of the radiating surface R. Space and time variables are assumed to be separable in the source term (piston source), so that T(rR,t) = r(rR) T(t). The i-th component of the displacement at a point r at time t is approximated by a sum of convolution integrals of displacement impulse-responses h(t) with T(t).
with,
where Throughout, the summation convention for repeated subscripts is followed. In the case of a uniform disk thickness-mode transducer [T(rR,t) = lz T(t)], the above integrals can be calculated analytically [6, 7] .
Scatterin& by a defect modeled as a free surface [2] The scattering by a defect of insonified surface D is calculated under the Kirchhoff s approximation. In the case of a defect modeled as a traction free surface, the displacement field on the defect is proportionnal to the incident displacement, u/rD,t) = a(rD)U~nc(rD,t).
In Eq. (5) and in what follows, a(r) equals 0, 1 or 2 depending on whether r is outside, inside or on a locally smooth boundary of the propagation medium.
The resulting scattered field at an arbitrary point in the solid is expressed as,
where the third order Green tensor Gkn,l is given by [8] (7) ReceDtion by a transducer [1, 3] The transducer acting as a receiver is assumed to be sensitive to a combination of the various components of the particle velocity integrated over its active surface.
We can therefore easily define a reception impulse response independent of the rest of the propagation process as follows,
For transducer of simple symmetry and sensitivity distribution r, it is possible to calculate analytically the, in general nine (four in the case ofaxisymmetry) components of Hk,l-(8) (9) Now, a simple combination of the above equations leads to the definition of an impulse response for the whole mechanical problem that links the time dependency of the source T(t) to <v>(t) such that
ADDlication to tilted FBH's interrogated by a uniform disk thickness-mode transducer
The transducer works both as an emitter and a receiver. It is assumed to have uniform source and sensitivity distributions r(rR) = l z (over a circular area). The axisymmetry of the distribution allows one to calculate both the radiation and the recept:on impulse responses in cylindrical co-ordinates. The quantities to be calculated are hr hz, Hr,,, Hz. z ' Hr,z and Hz,r. The defect (a FBH) being smooth, a(rD) = 2 everywhere on the defect. Let () be the tilt angle of the FBH (an angle () = 0 corresponds to the case of a normally aligned FBH). The convention of orientation of the vector surface dS v leads to nr = sinO and n z = cosO.
(12)
In the case of an isotropic medium, the fourth order tensor of elastic constants is given by
Let H' n; = Hr,z + Hz,,.. Taking account of Eq. (13), Eq. (11) for the tilted FBH becomes
The complete analytic expressions of the radiation and reception impulse responses for a disk thickness mode transducer can be found in Ref. 3 . They have been derived using the same approach as that used by Stepanishen [9] to obtain the exact calculation of the time dependent Rayleigh integral for a flat transducer radiating in a fluid medium.
COMPARISON OF PREDICTED AND MEASURED ECHO-RESPONSES
The elastic model may be used to calculate echo responses from defects insonified by pulses from arbitrary transducers. The transducer used in the experiments is a contact transducer and for experimental convenience and repeatability, a disk thickness-mode transducer was used, that is. a compression wave transducer.
In the present set of results we have concentrated on demonstrating how responses from targets vary with target tilt, and since such variation becomes stronger with target size, we have chosen to use target diameters that are greater than the (center frequency) interrogating pulse wavelength. To ensure a true simulation. the theoretical source driving function T(t) used for the calculated results was set to match the plane-wave component of the pulse from the transducer used in making the experimental measurements. A convenient method to measure the radiated plane waveform is to record a backwall echo from a thin, parallel-sided plate: thin, since with increasing range the back wall echo becomes the derivative of T(t) [1] . For the pulse shape and transducer diameter used here, a 1Omm-thick plate was acceptable.
Experimental system
The targets considered were all flat-bottomed holes drilled at various angles into two aluminum test blocks (see Fig. 1 ). Two sets of holes of 4mm (tolerance +0.2mm) and lOmm (+O.Smm) diameter were machined. For each diameter there were 3 groups of 4 holes with depths chosen to give a metal path from the coupling surface to the center of the hole bottom of 12, 20 and SOmm (±O.Smm) respectively. each group including a hole inclined perpendicular to the coupling surface and 3 others at S, 10 and 20 degrees (±O.S degrees) respectively -making 24 test targets in all. The experimental measurements were made using a single, directly-coupled wideband transducer (Aerotech Alpha F08l79 19mm diameter, S MHz) excited with a unidirectional pulse shaped to give an ultrasonic (plane wave) pulse of approximately one cycle at -3MHz.1n these preliminary measurements, all results were taken with the transducer positioned by hand to within ±lmm of the target axis, here defined as a line passing through the center of the hole bottom and perpendicular to the coupling surface. In later work we hope to devise a method to give better accuracy in transducer positioning. To guard against errors arising from variation in coupling conditions, repeated checks were With the transducer/target geometry and the transducer pulse shape used here, the results for the smaller 4mm-diameter target given in Figure 2 shows some of the characteristics of the echo response of a point-like target [1] , having a complicated multipulse structure arising from both diffraction effects and the existence of mode-converted shear waves. A full description of such a structure has been given elsewhere [1] but very briefly, the group of pulses labeled "C" denotes a packet of pulses with contributions due to the reception of scattered compression plane and edge waves; "C/S" is a packet that arises from the reception of waves that make one trip to/from the target as a compression wave and one as a shear wave and "S" shows a pulse that makes both trips as a shear wave. Bearing in mind the target machining tolerances and experimental errors in coupling and positioning the transducer, there is good agreement between the calculated and modelled results, excepting that the pulses labeled "M" are not seen in the theoretical results. These pulses are "multiple" echoes arising from that portion of the compression "C" packet that is reflected from the coupling surface to be further scattered by the target and then received back at the transducer. In its present form, the current model does not take such effects into account. Taking first the set of results for the targets at 12 mm range in Figure 2 we see that as is well known, the overall amplitude of the echo falls as the target is tilted from normal alignment (0°). Again, bearing in mind the experimental uncertainties, especially the error in transducer positioning, the model accurately predicts the changes in echo response shape and amplitude as the target is tilted. With increasing range, the time separation between the "C" and "CS" packets increases and the "S" pulse becomes too small to see at the scales used (for a fuller explanation of these effects see [1, 3] ). Note also that the drop in echo amplitude with angle of tilt increases with target range. I' .
• results for targets at nonnal alignment show that the first-arriving component of the overall response dominates over all later contributions. This is because when integrating over the surface of such targets it is only this first arriving component that has a constant time position, all other components being "smeared out" as the integration proceeds. As would be anticipated, the fall of in echo amplitude with angle of tilt is greater for the 10mm targets than is shown in Figure 2 for the smaller 4mm targets. With increasing angle of target tilt, the integrating effect mentioned above becomes less significant and it is possible to see a "CS" component in the responses from the targets at 10 and 20 degrees. Note also that at 20 degrees of tilt, the "C" component splits into two, from the nearer and further rims of the target, respectively. Such components are nonnally referred to as "diffracted pulses" and are made use of in target time-of-flight target sizing methods.
Taken together, the results of Figures 2 and 3 have great significance for the interpretation of echo responses. The existence of time-separated components in the overall responses can lead to the prediction of nonexistent targets and a knowledge of the origin of the later arriving "CS" and "s" pulses and the way in which their amplitude varies with target size, range and angular alignment can alleviate this. The ability to model the effects of various target geometry is of obvious benefit when attempting to size defects by relating their area to the amplitude of their echo response.
CONCLUSION
A new "elastic moder' has been proved to give accurate predictions of echo responses from tilted flat-bottomed holes. The impulse response approach used gives a great insight into the complex echo structure arising from even the simple geometry considered here. The new model takes account of the existence of shear waves radiated from even a nonnallycoupled compression-wave transducer and includes some of the effects of mode conversion at the surface of the target, the target being considered as a free surface. In general, such a model is required to properly predict all of the components in the overall echo response, but with plane, nonnally-aligned targets that have dimensions of the order of a few (center frequency) wavelengths, or for arbitrarily sized targets in the far field, the simpler "acoustic" impulse response model can predict echo responses with reasonable accuracy. With small, near-field targets, the existence of mode-converted shear waves can give rise to time-separated echo pulses that could be confused as coming from nonexistent targets. Similar confusion could arise with larger near-field targets, except for the special case of a plane, normally-aligned target.
